Sheep with scrapie and mastitis transmit infectious prions through the milk by Ligios, C et al.
University of Zurich
Zurich Open Repository and Archive
Winterthurerstr. 190
CH-8057 Zurich
http://www.zora.uzh.ch
Year: 2011
Sheep with scrapie and mastitis transmit infectious prions
through the milk
Ligios, C; Cancedda, M G; Carta, A; Santucciu, C; Maestrale, C; Demontis, F; Sabat,
M; Patta, C; Demartini, J C; Aguzzi, A; Sigurdson, C J
Ligios, C; Cancedda, M G; Carta, A; Santucciu, C; Maestrale, C; Demontis, F; Sabat, M; Patta, C; Demartini, J C;
Aguzzi, A; Sigurdson, C J (2011). Sheep with scrapie and mastitis transmit infectious prions through the milk.
Journal of Virology, 85(2):1136-1139.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Journal of Virology 2011, 85(2):1136-1139.
Ligios, C; Cancedda, M G; Carta, A; Santucciu, C; Maestrale, C; Demontis, F; Sabat, M; Patta, C; Demartini, J C;
Aguzzi, A; Sigurdson, C J (2011). Sheep with scrapie and mastitis transmit infectious prions through the milk.
Journal of Virology, 85(2):1136-1139.
Postprint available at:
http://www.zora.uzh.ch
Posted at the Zurich Open Repository and Archive, University of Zurich.
http://www.zora.uzh.ch
Originally published at:
Journal of Virology 2011, 85(2):1136-1139.
Sheep with scrapie and mastitis transmit infectious prions
through the milk
Abstract
Prions are misfolded proteins that are infectious and naturally transmitted, causing a fatal neurological
disease in humans and animals. Prion shedding routes have been shown to be modified by inflammation
in excretory organs such as kidney. Here we show that sheep with scrapie and lentiviral mastitis secrete
prions into the milk and infect nearly 90% of suckling naive lambs. Thus lentiviruses may enhance prion
transmission, conceivably sustaining prion infections in flocks for generations. This study also indicates
a risk of prion spread to sheep and potentially to other animals through dietary exposure to pooled sheep
milk or milk products.
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Abstract 48 
 49 
Prions are misfolded proteins that are infectious and naturally transmitted, causing a fatal 50 
neurological disease in humans and animals. Prion shedding routes have been shown to be 51 
modified by inflammation in excretory organs such as kidney. Here we show that sheep with 52 
scrapie and lentiviral mastitis secrete prions into the milk and infect nearly 90% of suckling 53 
naive lambs. Thus lentiviruses may enhance prion transmission, conceivably sustaining prion 54 
infections in flocks for generations. This study also indicates a risk of prion spread to sheep 55 
and potentially to other animals through dietary exposure to pooled sheep milk or milk 56 
products. 57 
 58 
 59 
  60 
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Prion diseases have emerged globally as a significant threat to human and animal health. 61 
Recently human to human spread of prions is believed to have occurred through blood 62 
transfusions (9, 12, 16) underscoring the importance of understanding possible transmission 63 
routes. PrPSc, a misfolded, aggregated form of the normal prion protein, PrPC, accumulates in 64 
the lymph nodes and spleen during the earliest stages of disease, before entering the central 65 
nervous system in certain prion diseases (2, 11, 14). Inflammation can cause lymphoid follicles 66 
to form in other organs, such as liver and kidney, which accordingly leads to prion invasion of 67 
organs that are not typically prion permissive (1). In mice, prion infection in the inflamed kidney 68 
has the untoward consequence of prion excretion in urine (13). This finding, together with our 69 
report of sheep with PrPSc in the inflamed mammary gland (8), has raised concerns of prion 70 
secretion into milk.  71 
Here we investigated whether PrPSc in the inflamed mammary gland leads to prion secretion in 72 
milk and infection of naïve lambs through suckling. Prion infectivity has been detected in milk 73 
of sheep expressing a prion gene (Prnp) coding for VRQ/VRQ or VRQ/ARQ at polymorphic 74 
codons 136, 154, and 171 (3, 4). However, whether sheep to lamb transmission of prions in 75 
milk leads to clinical signs of prion disease, or whether sheep with the common ARQ/ARQ 76 
Prnp genotype can transmit prions to lambs through milk is unknown. We induced a chronic 77 
lentiviral mastitis and inoculated ARQ/ARQ Sarda breed sheep with infectious prions. After 78 
fourteen months, we bred the sheep and collected the milk. To avoid cross-contamination of 79 
newborn lambs, we fed the milk to imported known naïve lambs, and then monitored the lambs 80 
for signs of prion infection (Fig. 1A). 81 
To induce a chronic lymphofollicular mastitis, we exposed 7-10 days old lambs (groups of 82 
n=10) by intratracheal and intravenous routes to a common sheep lentivirus known as maedi-83 
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visna virus (MVV), or to cell culture medium only. To do this, lambs were inoculated with 3.5 84 
mls intravenously and 0.5 mls intratracheally of MVV in culture supernatant containing 1.5 x 85 
106 TCID/ml of the “rapid/high” MVV strain 85/34 (5, 15). Twenty days later, all lambs were 86 
orally inoculated with 25 mls of 10% scrapie-infected brain homogenate from a pool of 87 
naturally-infected Sarda sheep.   88 
We sequenced the entire Prnp gene and found that all lambs expressed the ARQ/ARQ Prnp 89 
genotype, indicating the sheep should be susceptible to scrapie. As negative controls, 2 lambs 90 
of Prnp genotype ARR/ARR and ARQ/ARQ were mock-inoculated with cell culture medium 91 
and healthy brain homogenate. All lambs originated from scrapie-free flocks that had been 92 
monitored for clinical scrapie cases for at least 3 years.  93 
All inoculated sheep were naturally bred to rams at 15 months post-inoculation (PI) and 94 
produced lambs at 20 months PI. Sheep developed early signs of scrapie just after the lambs 95 
were born. Milk was manually collected and frozen from each sheep daily.  96 
Eight of 10 MVV and scrapie (denoted MVV/scrapie)-inoculated sheep and 9 of 10 scrapie-97 
inoculated sheep showed clinical signs of scrapie and were euthanized with a mean incubation 98 
period of 22 +/- 1.4 and 23 +/- 1.5 months post-inoculation, respectively. There was no 99 
significant difference in incubation period between the groups (Student’s t test, P = 0.5), 100 
indicating that inflammation associated with the MVV infection does not accelerate prion 101 
disease. This finding is consistent with previous studies that showed chronic pancreatitis or 102 
nephritis did not impact the scrapie incubation period (1). Scrapie infection was confirmed 103 
post-mortem by the detection of PrPSc in brain and lymphoid tissues by western blot (WB) and 104 
immunohistochemistry (IHC) (Fig. 1B). Interestingly, scrapie did not develop in three sheep 105 
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with a Prnp gene encoding for a rare polymorphism at codon 176 (K), consistent with recent 106 
reports describing scrapie resistance for this genotype (10).   107 
Antibodies to MVV were detected by indirect ELISA (Elitest kit, HYPHEN BioMed) on serum of 108 
all the MVV-inoculated sheep. Five of 8 MVV/scrapie-infected sheep (63%) showed a 109 
lymphofollicular mastitis (Fig. 1C), and three had a diffuse interacinar lymphoid infiltrate. Of the 110 
5 sheep with lymphofollicular mastitis, 4 had PrPSc deposits detectable by IHC and WB assays 111 
(Fig. 1C-D), whereas no sheep with diffuse lymphoid infiltrates had detectable PrPSc. 112 
Surprisingly, 2 of 9 sheep inoculated only with scrapie also had anti-MVV antibodies and a 113 
lymphofollicular mastitis, one of which had visible PrPSc deposits. MVV is a common pathogen 114 
in Europe and it is possible that these sheep were infected from the dam. The remaining 7 115 
scrapie-inoculated sheep had histologically normal mammary glands (Fig. 1C) and no 116 
detectable PrPSc (Fig. 1D) or anti-MVV antibodies.     117 
We selected the stored milk from the 4 MVV/scrapie-infected sheep with PrPSc in the 118 
mammary glands, and from the 7 scrapie-infected sheep with histologically normal mammary 119 
glands. Milk samples from early, middle, and late stages of lactation were pooled for each 120 
group. We imported naïve Cheviot lambs (n=9) from flocks that originated from scrapie-free 121 
New Zealand, and had been bred and housed under strict biosecurity containment in the 122 
United Kingdom to ensure that the lambs had not been exposed to scrapie. The Sarda lambs 123 
(n=4) originated from a scrapie-free flock in Sardinia. We then fed ad libitum pooled milk from 124 
the MVV/scrapie-infected sheep to each of 8 ARQ/ARQ naïve lambs, and from scrapie-125 
infected sheep to 3 ARQ/ARQ naïve lambs. Each lamb ingested a total volume of 1 – 2 L over 126 
a total period of 3 days (Table 1). Two lambs were orally inoculated with brain homogenate 127 
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pooled from the scrapie-infected milk donors as positive controls. Groups of lambs were 128 
housed in separate stalls and subjected to isolation conditions. 129 
Of the 8 lambs fed milk from MVV/scrapie infected sheep, 1 was sacrificed early and 4 130 
developed clinical signs of scrapie at 23 to 28 months PI (Table 1). The 3 remaining 131 
MVV/scrapie lambs and all control lambs were sacrificed between 28 and 29 months PI. Both 132 
lambs orally inoculated with scrapie brain had PrPSc deposits detectable in brain. The lamb 133 
from the MVV/scrapie group sacrificed early (12 months PI) had developed an intercurrent 134 
illness and had no biochemical or histologic evidence of scrapie infection. However, 6 of the 7 135 
(86%) remaining lambs exposed to milk from the MVV-scrapie infected dams, but none of the 136 
3 lambs fed milk from the scrapie-only infected dams, had detectable PrPSc in the brain and 137 
lymphoid tissues (Fig. 2), indicating infection from prion-laden milk was dependent on 138 
mammary gland inflammation. We considered that horizontal transmission of prions could 139 
have occurred within the MVV/scrapie lambs; however, Sardinian strains of sheep scrapie are 140 
not efficiently transmitted in ARQ/ARQ Sarda sheep, with a maximum recorded prevalence of 141 
41%, and an average prevalence of 13% (7).  142 
Previous studies have found that the cellular fraction of milk harbours the most infectivity (4), 143 
and the higher leukocyte count in milk that occurs with mastitis could conceivably have 144 
increased the infectious prion titres in milk. Although our studies in ARQ/ARQ sheep suggest 145 
that mammary gland inflammation is necessary for prion transmission through milk, it remains 146 
possible that large milk volumes from sheep without mastitis would transmit prions to nursing 147 
lambs. Milk from VRQ/VRQ sheep without clinical mastitis was previously shown to transmit 148 
prion infection to the lambs as evidenced by PrPSc deposits in lymphoid tissue biopsies (3).   149 
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Taken together, these findings demonstrate that ingestion of as little as 1 – 2 L of milk from 150 
sheep with scrapie and lymphofollicular mastitis can cause prion infection in ARQ/ARQ lambs 151 
with an attack rate of 86%. These data show that a common lentivirus can induce an 152 
inflammatory setting highly conducive for prion propagation and release into the environment, 153 
although a role for the virus in transporting prions into the milk or stimulating PrPSc release 154 
from infected cells (6) cannot be excluded. Considering that MVV and other lentiviruses are 155 
endemic in sheep and goat populations worldwide, the possibility that lentiviruses have 156 
enabled prion transmission through milk and ultimately propagation of scrapie through some 157 
flocks should be considered. Together with two other recent reports on infectious prions in 158 
sheep milk (3, 4), these studies indicate a risk of prion spread to sheep and potentially other 159 
animals through dietary exposure to sheep milk or milk products. World milk production 160 
contributes to 13% of the protein supply for humans, thus studies to determine the extent of 161 
infectious prions entering our global food supply would be worthwhile and important for 162 
accurate risk assessment.  163 
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Figure legends 227 
 228 
Figure 1. Sheep infected with prions and maedi-visna virus (MVV) develop lymphofollicular 229 
mastitis with PrPSc. (A) Experimental scheme. Sheep were inoculated with culture medium or 230 
MVV, and were then orally exposed to scrapie prions and bred. Milk was collected near the 231 
timepoint that neurologic signs of scrapie developed and was fed to naive lambs. (B) PrP 232 
immunohistochemistry on brain and tonsil from milk source sheep shows staining for PrPSc in the 233 
brainstem, particularly in the vagal nucleus (indicated by *) and in the tonsillar follicles of scrapie-234 
infected sheep (arrows). (C) Mammary gland (MG) of milk-source sheep shows lymphoid follicles 235 
(arrowhead) with associated PrPSc (arrows) adjacent to milk ducts (md) in the MVV-inoculated 236 
sheep, whereas the medium-inoculated sheep had a histologically normal MG with no detectable 237 
PrPSc. (D) Western blot analysis shows PrPSc detection in MG of sheep inoculated with 238 
MVV/scrapie agents, but not in sheep inoculated with scrapie prions only. The sheep identification 239 
number is indicated for each lane. Insets show a high magnification of follicles containing PrPSc. 240 
Scale bar = 100 µm, inset = 25 µm. 241 
 242 
 243 
Figure 2. Lambs developed prion infection through suckling milk from scrapie-infected sheep with 244 
mastitis. Brainstem and tonsil from lambs ingesting milk from MVV and scrapie or scrapie-only 245 
infected sheep were (A) immunostained for PrP or (B)  PK-digested and examined by western 246 
blotting, and show that only the lambs suckling the MVV/scrapie-derived milk accumulated PrPSc. 247 
The sheep identification number is indicated for each lane. Scale bars = 100µm. 248 
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Table 1. Genotype, breed, and PrPSc detection in lambs fed milk from MVV/scrapie or scrapie-
infected sheep. The Prnp genotype of all lambs was ARQ/ARQ at codons 136, 154 and 171. 
Additional dimorphisms in other codons of Prnp are noted. 
Lamb number 
(dimorphism) 
Milk source 
(dam) 
Milk 
ingested 
(L)  
Breed Clinical 
signs 
PrPSc in 
brain  
WB/IHC  
 
PrPSc in 
tonsil 
 WB/IHC  
 
Timepoint 
post-
inoculation 
(months) 
951 MVV/Scrapie 
 
1.2 Cheviot No -/- -/- 12 
326 (127G/V) 
 
 
MVV/Scrapie 
 
1.9 Sarda No -/- -/- 28 
328 (127G/V) MVV/Scrapie 
 
1.8 Sarda Yes +/+ +/+ 28 
327 MVV/Scrapie 
 
1.4 Sarda Yes +/+ +/+ 25 
847 MVV/Scrapie 
 
1.3 Cheviot Yes +/+ +/+ 23 
329 MVV/Scrapie 
 
2.1 Sarda Yes +/+ +/+ 25 
843 (141F/L) MVV/Scrapie 
 
1.3 Cheviot No +/+ +/+ 28 
849 (141F/L) MVV/Scrapie 
 
1.8 Cheviot No +/+ +/+ 29 
953 (141F/L) Scrapie 
 
1.5 Cheviot No -/- -/- 28 
956 (141F/L) Scrapie 
 
1.7 Cheviot No -/- -/- 28 
957 (141F/L) Scrapie 
 
1.4 Cheviot No -/- -/- 28 
12 
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